It is generally accepted that the toxicity of aliphatic nitriles in the animal body is mainly due to a gradual release of cyanide. The evidence on which this view is based consists (a) in the similarity of the symptoms of intoxication to those of cyanide poisoning, with due consideration of the different rates at which cyanide is liberated from different nitriles, (b) in the antidotal effect of thiosulphate, and (c) in the increased excretion of thiocyanate (cf. Hunt, 1923) . The second and third facts are to be attributed to the action of the enzyme rhodanese which catalyses the reaction (Lang, 1933) :
HCN + Na2S20O = HSCN + Na2SO3.
The formation of cyanide from nitriles has, however, not yet been demonstrated in vitro. Lang (1933) investigated the formation of SCN-from acetonitrile and propionitrile by minced tissues with negative results. Warburg (1911; Warburg & Wiesel, 1912) , who found an inhibition of the respiration of avian erythrocytes and of the fermentation of yeast cells by high concentrations of mononitriles, came to the conclusion that this was an unspecific 'narcotic' effect.
Recently, Hyd6n & Hartelius (1948) described an effect of malononitrile which they could not reproduce with cyanide. Using the microspectrographic method they found, in experiments on rabbits, an increase in the concentration of cytoplasmic protein and nucleoprotein of ganglion cells 1-48 hr. after an injection of malononitrile. Their observations are at variance with the results of Hicks (1950) , Liu (1951) and Reale & D'Argenio (1951) using histological techniques, and with those ofSamuels, Boyarsky, Gerard, Libet & Brust (1951) using chemical methods. Nevertheless, the general importance of the claims of Hyd6n & Hartelius and the particular interest arising from their recommendation of malononitrile therapy in mental diseases suggested an investigation into the effects of malononitrile and other nitriles on the metabolism of tissue slices, and into the correlation of any such effects with the release of cyanide. As Heymans & Masoin (1897) have shown, the toxic action of malononitrile is fast; it seemed therefore well suited for short in vitro experiments.
Another class of compounds from which cyanide is gradually liberated, in the body as well as in presence of tissue preparations, is the group of alkyl thiocyanates, especially the lower homologues of the series (Oettingen, Hueper & Deichmann-Gruebler, 1936) . Methyl and ethyl thiocyanates were therefore included amongst the substances studied. EXPERIMENTAL Method8 Mea,surement of tisse metaboli8,n. Tissue slices were used for metabolism experiments. They were cut free-hand with a safety-razor blade moistened with Ringer solution, pooled and kept on ice. The manometer vessels were also kept on ice until they were attached to the manometers. All results were calculated on the basis of the initial dry weight: the slices, freed from adhering moisture by filter paper, were weighed on the torsion balance and the dry weight calculated from the ratio determined on a separate sample which was removed from the pool simultaneously with the other slices and dried at 1000. Owing to the swelling of the slices in Ringer solution the ratio for brain slices varied between 5-5 and 7-0.
When respiration alone was measured, 'medium III', a saline low in phosphate and bicarbonate, but including organic salts (Krebs, 1950) , was used. In other experiments glycolysis was determined by chemical estimation of lactic acid while respiration was recorded manometrically. The medium used for these experiments differed from medium III only by the omission of the three organic salts and their replacement by isotonic NaCl; it will be referred to as 'medium III, modified'. Respiration was followed in conical Warburg flasks containing NaOH in the inner well and 02 in the gas space. When lactic acid was determined chemically, 0.1 vol. of 30% (w/v) trichloroacetic acid was added from the side bulb at suitable intervals. The first vessel was acidified at the time of starting the readings and served as initial value. Lactic acid estimations were usually carried out on 0-3 ml. of ifitrate by the method of Barker & Summerson (1941) as modified by Umbreit, Burris & Stauffer (1945) .
In another series ofexperiments respiration and glycolysis were determined simultaneously by the two-vessel method of Warburg (1924) in a bicarbonate-glucose medium (Krebs & Henseleit, 1932) with 02-S % Co, as gas phase.
Respiratory quotients (R.Q.) were determined in bicarbonate medium by the method of Dickens & Simer (1931 in an all-glass homogenizer (Potter & Elvehjem, 1936) with ice-cooled, glass-distilled water, usually in the ratio 1:10. For the preparation of extracts, the homogenates were centrifuged for 10 min. in an angle centrifuge at 3500 rev./ min. and the supernatant was used. When experiments were carried out with boiled preparations, the required volume was pipetted into the empty reaction flask, which was stoppered and put in a boiling-water bath for 10 min. After cooling, the other constituents were added.
Homogenates and extracts of liver were prepared from rats which had been starved for 24 hr. before death.
Estimation of cyanide. The method of Epstein (1947) , as modified by Boxer & Rickards (1951) , has been adapted for our purpose. Aeration was carried out in 4-5 trains connected in series to a water-jet pump. Before entering the train the air stream was passed through 2x-NaOH; it was then led through the sample containing up to 2,umoles CN-, through a trap containing 20 ml. acid ceric sulphate (0 5N-solution in N-H2SO4) and finally through two collection tubes each containing 2 ml. 0-1 N-NaOH. Entrainment of spray was prevented by suitable traps. Fresh ceric sulphate solution was used for each run and the train was aerated for about 1 hr. before the addition of the cyanide and NaOH solutions. Thereafter aeration was continued, at a moderate rate, for 90 min. The cyanide samples usually contained 5 % trichloroacetic acid and required no further acidification.
Various modifications were also applied to the colorimetric procedure. The following stock solutions were used:
(1) chloramine T, 1 %; (2) 3-methyl-1-phenyl-5-pyrazolone (recrystallized three times), 0.4% solution in pyridine; (3) bis(3-methyl-1-phenyl-5-pyrazolone), 0-1% solution in pyridine. Solutions 2 and 3 were stored in a freezing compartment. Immediately before the analysis, 1 ml. of solution 1 was mixed with 3 ml. M-NaH2PO4 (solution 4; cf.
Boxer & Rickards, 1951) . Further, a pyrazolone-pyridine reagent (solution 5) was prepared by mixing 1 part of solution 2, 1 part of solution 3 and 6 parts of water. A 1 ml. sample containing not more than 0-3 umole CN was cooled in ice, 0-2 ml. of solution 4 were added and, after thorough mixing, the tube was left at 00 for 2 min. Then 6 ml. of solution 5 were added and the mixture was kept at 300 for 30 min. Ilford spectrum filter no. 608 was used for the photoelectric measurement.
Malononitrile, methyl and ethyl thiocyanate did not interfere with the recovery of CN-; they did, however, slightly increase the reagent blank, probably owing to the presence of traces of CN in the solutions.
Estimation of thiocyanate. 2 ml. of ferric nitrate solution (Cosby & Sumner, 1945) were added to 8 ml. of solution containing 0-2-4-0O,mole SCN-. The red colour was determined photoelectrically after 15 min. with Ilford spectrum filter no. 601. A calibration curve was constructed with solutions containing the same concentration of buffer, thiosulphate and trichloroacetic acid as the unknown sample, and a standard solution and reagent blank were included with each series of estimations. Neither malononitrile nor the alkyl thiocyanates interfered with the reaction.
Fordeproteinization, the sample was mixed with an equal amount of 10 % (w/v) trichloroacetic acid containing 0-14 % formaldehyde (Rosenthal, Rogers, Vars & Ferguson, 1950) .
E8timation of cozym4ase. The deproteinized filtrates were freed from trichloroacetic acid by three extractions with 8-2 115 peroxide-free ether (about 5 ml. each time). Ether was removed from the aqueous solution in vacuo at about 30°. The pH was adjusted to 6-4 and the volume made up to about ten times the weight of fresh tissue used. Cozymase concentration in the extract was determined by the apozymase test at 200, as described by Schlenk & Schlenk (1947) .
Cozymase, prepared by the method of LePage (1947) , was standardized spectrophotometrically according to Kornberg (1950) and had a purity of 48.5 %.
Materials
Dimethylmalononitrile. Dimethyleyanacetamide was prepared from cyanacetamide (Corson, Scott & Vose, 1932) according to Errera (1896) , and was dehydrated with PC15 as described for the preparation of malononitrile (Corson, Scott & Vose, 1943 All other substances were commercial products which were used without further purification. Malononitrile, redistilled in vacuo immediately before use, gave results which in no way differed from those obtained with the preparation before distillation. The crystals of malononitrile (m.p. 320) were protected from light and stored at 20. We did not notice any signs of decomposition under these conditions for many months.
RESULTS
The effects of nitriles and related compounds on tissue metaboli8m The respiration of brain, kidney and liver slices is strongly inhibited by 0-01 M-malononitrile (Tables 1  and 2 ). The inhibition is progressive with time and is practically complete at the end of the second hour. In a bicarbonate medium, the respiration of brain and kidney slices is not significantly inhibited by 0-01 M-malononitrile during the first hour of the experiment, but in the second hour the effect is as strong as in phosphate medium. At the same time the aerobic glycolysis of brain slices is increased; it reached, in some experiments, 80-90 % of the level of the anaerobic glycolysis. Malononitrile, inr 4-8 -7-2 2nd hr. 
0 01 m-concentration, had little effect on the anaerobic glycolysis during the first hour (Table 3) , but during the second hour both aerobic and anaerobic glycolysis tended to decrease. With lower concentrations of malononitrile there was no falling-off of the aerobic glycolysis during the second hour.
the inhibition of respiration caused by malononitrile was often partly relieved, but in the second hour respiration was equally inhibited in the presence and in the absence of thiosulphate (excepting Exp. 6, Table 2 ). Thiosulphate did not prevent the rise of the aerobic (Table 2) or the inhibition of the 'hr. 2nd hr.
-9.1 -9-2 -11.5 -2-5 -9.1 -9.5 -6-2 -33 -11-2 -13-2 -12-0 -11*3 -6-3 -6-7 -8-5 -69 -8-9 -6-9 -7-6 -6-9 
t Calculated on control + Na,S303.
Similar effects were observed with 0-01 M-methyl and ethyl thiocyanates (Table 2 ), but not with any of the following substances (all in a concentration of 0-01 m): acetonitrile, propionitrile, butyronitrile, (Tables 1 and 2 ). In the first hour of the experiment anaerobic glycolysis (Table 3) produced by malononitrile in brain slices. Thiosulphate itself has a slight inhibitory effect on respiration and may somewhat increase the aerobic glycolysis of brain slices, especially in the second hour.
For comparison, the antagonism between cyanide and thiosulphate was investigated in experiments with tissue slices (Table 4) . Although the effects of cyanide were not completely reversed by thiosulphate, they were clearly alleviated. The inhibition of respiration by cyanide, unlike that caused by malononitrile, is not progressive with time; this is probably the reason why the antagonistic effect of thiosulphate is maintained in the second hour in the experiments with cyanide, but not in those with malononitrile.
The determination of respiration and aerobic glycolysis of brain slices by the Dickens-iimer method confirmed the effects of malononitrile found with other methods. The R.Q. was not affected (Table 5) .
Concentration effect. Fig. 1 Though this is a near-lethal dose, none of the injected rats succumbed within 2 hr. The animals were dyspnoeic and cyanotic and were lying quietly in their cages. Convulsions were occasionally seen. In some rats the effects had largely worn off after 2 hr. A second injection, equal to the first, was given to three animals after 1 hr. The rats were killed after 2 hr. by immersion in liquid oxygen. The brains were dissected while frozen and crushed in a cooled steel mortar (LePage, 1948) . The frozen powder was transferred to tared weighing bottles containing 10 % trichloroacetic acid; these were then re-weighed. A series of control values was obtained by analysing the brains of normal rats in the same way.
The results obtained after malononitrile injection are collected in Table 6 . In the first five rats the values were within the normal variation. Though these animals showed no obvious difference in behaviour and appearance from the rest, the effects of malononitrile had presumably largely subsided when they were killed. acid concentration. It is particularly marked in the last three rats which had received a second injection. These experiments show that the increase of aerobic glycolysis observed with brain slices also occurs in the living brain after an injection of malononitrile.
The concentration of cozymase in rat brain was not significantly changed after malononitrile injection. The mean value found in twelve control rats was 26-74 + 1-78 mg./100 g. of fresh brain, that in seventeen injected rats, 24-57 ± 1-91 mg. The probability of the difference being due to chance variation is 0-44. The cozymase concentration found in these experiments is midway between the figures reported by Gore, Ibbott & McIlwain (1950) and by Axelrod & Elvehjem (1939) .
The effect8 of t88ue8 on malononitrile
If malononitrile, together with sodium thiosulphate, is added to a tissue homogenate, a formation of SCN is observed which increases linearly with time (Fig. 3) . The activities of homogenates of liver, kidney and brain decrease in that order; in the rat they are in the proportion of 34: 14: 1. Rhodanese shows a very similar distribution; according to Himwich & Saunders (1948) , rhodanese activities of rat liver, kidney and brain cortex are as 20-40: 15: 1. The amounts of SCN-formed from cyanide by kidney and liver preparations are however 2500-3000 times higher, per unit of weight, than those formed from malononitrile. This comparison is based on Qur own estimations of rhodanese activity at 300 which, for extracts of rat kidney and liver, gave figures three to four times higher than those reported by Himwich & Saunders. Rhodanese is therefore present in vast excess. Since rhodanese activity is not inhibited by malononitrile in concenVol. 52 119 trationsup to 0-02M (Table 10) it cannot be a liniting factor in the formation of SCN-from malononitrile.
The system responsible for the formation of SCN_ from malononitrile by rat-liver homogenate in the presence of 0-05M-sodium thiosulphate is saturated by 0-0033M-malononitrile. The low concentration level at which saturation occurs is in favour of a specific catalyst. The pH optimum for the formation of SCN from malononitrile by liver extract is near 7-0 (Fig. 4) . The activity of the system is higher in glycine than in phosphate buffer. Although phosphate buffer was used in the earlier experiments it was later replaced by a glycine buffer of pH 8-2. The final pH of the reaction mixture which was repeatedly checked with a glass electrode was 7-2-7-3.
Saunders & Himwich (1950) noted that rhodanese is strongly inhibited by cysteine. The same applies to SCN-formation from malononitrile. Inhibition of a less severe degree was also observed in the presence of reduced glutathione and of adenosinetriphosphate. Sodium fluoride, on the other hand, is without effect (Table 7) .
No trace of SCN-formation was found when any of the following substances, in 0-005M-concentration, was incubated with rat-liver homogenate (1:33) for 2 hr. at 300: acetonitrile, propionitrile, butyronitrile, i8ovaleronitrile, succinonitrile, glutaronitrile, dimethylmalononitrile and ethyl cyano- Similar experiments were performed with methyl kidney and brain, though on a smaller scale, were and ethyl thiocyanate ( Table 9) . The results are similar to those observed with liver. Liver homo-complicated by a considerable non-enzymic formagenate was slightly more active than liver extract, tion of cyanide, especially from methyl thiocyanate. but no significant difference was found between SSOV has little effect in presence of a denatured homogenate and extract in the case of kidney or tissue preparation, but it does increase the sum total brain.
of CN-+ SCN-in presence of an enzymically active Table 9 . Effect of liver homogenates and extracts on methyl and ethyl thiocyanate Arrangement as described in Table 8 (Controls. Exp. 1: control contained boiled tissue preparation and was incubated for 2 hr. at 300. Exp. 2 and 3: 5 ml.
10% trichloroacetic acid were added to control sample before addition of tissue preparation. The sample was analysed without previous incubation. Me-SCN, methyl thiocyanate; Et-SCN, ethyl thiocyanate; H, homogenate; E, extract.) ,umoles preparation, and even without any tissue at all. The evidence for an enzymic effect is less ambiguous in the experiment with ethyl thiocyanate; whether SCN is formed by direct hydrolysis or by the secondary reaction of the CN group with an S compound cannot be decided, but the increase of SCN formation in presence of S20V is in favour of the second mechanism. A surprising feature, especially of the experiments with methyl thiocyanate, is the relatively high concentration of CN which is observed even in the presence of S203 and with and one without S203 ; to a third S203 was added 10 min. before termination of the experiment. Owing to the large excess of rhodanese activity, it can be expected that 10 min. are sufficient to allow the transformation of any CNpresent into SCN after adding S2,OV. The formation of SCN was larger when S203 was present throughout the experiment than when its addition was delayed. The result was similar with each of the three compounds tested, but it was most marked in the case of malononitrile. Table 10 . Effect of malononitrile and alkyl thiocyanates on rhodanese activity (5 ml. solution contained 0-05M-KCN, neutralized, 0O05M-Na22O3, 0.04M-glycine buffer pH 8-2, 0-02M-malononitrile or alkyl thiocyanate. Incubated for 10 min. at 300.) an active rhodanese. This may to some extent be accounted for by an inhibition of rhodanese activity in presence of methyl or ethyl thiocyanate (Table 10) . For the interpretation of the effect of sodium thiosulphate it is essential to know whether the presence of sodium thiosulphate affects the recovery of the sum total of CNO + SCN after the incubation of CN with tissues. In experiments with rat-liver homogenate it was found that added CNO is quantitatively recovered in the form of SCN when S203 is present, but in its absence the sum of CN + SCN does not account for the CNW initially added (Table 12 ). This result suggests that the effect of S20V is due, at least in part, to the successful competition of rhodanese with other systems capable of removing CNO.
Effects ofpurified rhodanese. Several observations suggest a connexion between rhodanese and the system responsible for the SCNW formation from malononitrile and alkyl thiocyanates, e.g. the distribution of activity, the dependence on S203 and the inhibition of cysteine. The action of purified liver rhodanese was therefore investigated. The enzyme was prepared from rabbit liver by the at 300 with an amount containing 38 mg. protein.
Samples containing boiled enzyme solution served as controls. Ten minutes before the termination of the experiment, active enzyme solution containing 4*2 mg. protein was added to both experimental and control flasks in order to convert any CNformed in the control samples to SCN . The ratio of activities should remain unchanged after purification; a simple calculation shows that, if the effects of the crude extracts were due to the activity of rhodanese, malononitrile would yield at least 2 p,moles SCN (at 20°). Instead, purified rhodanese was without effect on the formation of SCN from malononitrile (Table 13 ). Ethyl and particularly (Baker, Fazekas & Himwich, 1938) , barbiturates (Webb & Elliott, 1951 ), maleic (Weil-Malherbe, 1938 or cinnamic acid (Weinbach, Lowe, Frisell & Hellerman, 1951 (Ludewig & Chanutin, 1950; Archibald, Meyer & Greenough, 1951) and is thus accessible only to intracellular substances; as Himwich & Saunders (1948) have shown, the rhodanese activity of rabbit liver or brain is about sixteen times larger when the tissue is homogenized than when it is sliced. Permeability factors may thus account for the results in vitro, though it is obscure why they seem less important in vivo.
Whereas a formation of SCN could be detected in vitro only from malononitrile, the reaction is known to occur with most other nitriles in vivo. This difference is probably quantitative rather than qualitative. Next to cyanogen, malononitrile has a more rapid toxic action than other dinitriles in the body (Heymans & Masoin, 1897) . Toxic symptoms and SCN excretion are slow to appear and to disappear with most nitriles, and it may be assumed that their rate of breakdown is too slow to be demonstrable in a short-term experiment with tissue preparations.
The increase of lactic acid concentration in the brains of injected rats shows that the aerobic glycolysis observed with brain slices also occurs in the intact animal. The results are in line with those obtained in studies of cyanide poisoning (Albaum, Tepperman & Bodansky, 1946; Olsen & Klein, 1947 appear, but the possibility cannot be excluded that S20O in some way activates the decomposition of malononitrile. Saunders & Himwich (1950) showed that rhodanese, unless protected by S203, is inhibited by cyanide. Though the concentration of CN-present in our experiments is too small to make rhodanese activity limiting, the activity of some other enzyme taking part in the reaction may be similarly affected. There is further the possibility that S2O, may be involved in the reaction as a specific electron donor. In favour of such an assumption is the catalytic effect of S20O on the formation of CN-from methyl and ethyl thiocyanates in absence of a tissue preparation. The action of tissue preparations on the alkyl thiocyanates may be largely due to an unspecific effect of SR groups, since it persists after denaturation of protein.
It is interesting to note that Aldridge (1951) has proposed a mechanism for the dissociation of cyanogen chloride involving complex formation with reduced glutathione. As far as nitriles are concerned it is known that S203 accelerates the dissociation ofthe labile lactonitrile (Meurice, 1900).
On the other hand, no effect of S203 on the spontaneous dissociation of malononitrile could be detected at 300 in short-tern experiments. Moreover, malononitrile was only attacked by enzymically active, but not by denatured, tissue preparations and this reaction was inhibited by SH compounds. It thus seems that two mechanisms must be distinguished: an unspecific effect which is predominant in the case of alkyl thiocyanates and which may be mediated by SH-groups and a specific, enzymic effect which is predominant in the case of malononitrile.
SUMMARY
1. Out of a series of compounds, including eleven nitriles and ethyl cyanoacetate only malononitrile, methyl thiocyanate and ethyl thiocyanate were found to have any marked effect on tissue slices and to give rise to the formation of cyanide and thiocyanate in presence of tissue homogenates or extracts.
2. In experiments with tissue slices, malononitrile caused an inhibition of respiration, progressive with time, and an increase of aerobic glycolysis. Its action resembled that of cyanide at a molar concentration 100 times smaller. Thiosulphate antagonizes the effects of cyanide to some extent while it alleviates those of malononitrile only in the first, not in the second, hour of the experiment.
3. Subcutaneous injection of malononitrile (14 mg./kg.) increased the lactic acid content of rat brain after 1-2 hr., but did not change the concentration of cozymase.
4. The formation of thiocyanate from malononitrile and thiosulphate is highest in presence of liver tissue, lowest with brain and intermediate with kidney. The liver enzyme system is saturated at a concentration of 0-0033M-malononitrile and has a pH optimum of 7-0. It is inhibited by cysteine and glutathione and inactivated by boiling.
5. The sum total of cyanide and thiocyanate formed from malononitrile by enzymically active tissue preparations was larger in presence than in absence of thiosulphate. The effect appears to be mainly due to the conversion of cyanide into thiocyanate thus preventing its disappearance in secondary reactions.
6. The formation of cyanide and thiocyanate from methyl and ethyl thiocyanate seems to be largely due to unspecific, non-enzymic factors. Both substances, at 0-02M-concentration, cause a 40 % inhibition of rhodanese activity. 7. A purified preparation of rhodanese did not induce any formation of thiocyanate from malononitrile and thiosulphate.
A specimen of malononitrile has been put at our disposal by Dr A. Roberts, Medical Department, Messrs Boots Pure Drug Co. Ltd. J. Stern has been working under an assistance grant from the Medical Research Council. We wish to express our gratitude for the help received.
